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ABSTRACT Type I hereditary tyrosinaemia (HT1) is a
severe human inborn disease resulting from loss of fumaryl-
acetoacetate hydrolase (Fah). Homozygous disruption of the
gene encoding Fah in mice causes neonatal lethality, seriously
limiting use of this animal as a model. We report here that
JahA, the gene encoding Fah in the fungus Aspergillus nidulans,
encodes a polypeptide showing 47.1% identity to its human
homologue. fahA disruption results in secretion of succinyla-
cetone (a diagnostic compound for human type I tyrosinae-
mia) and phenylalanine toxicity. We have isolated spontane-
ous suppressor mutations preventing this toxicity, presumably
representing loss-of-function mutations in genes acting up-
stream of fahA in the phenylalanine catabolic pathway. Anal-
ysis of a class of these mutations demonstrates that loss of
homogentisate dioxygenase (leading to alkaptonuria in hu-
mans) prevents the effects of a Fah deficiency. Our results
strongly suggest human homogentisate dioxygenase as a tar-
get for HT1 therapy and illustrate the usefulness of this fungus
as an alternative to animal models for certain aspects of
human metabolic diseases.

Genetic blocks in phenylalanine catabolism cause several human
inborn diseases (see Fig. 1), the most severe of which is type I
hereditary tyrosinaemia (HT1), resulting from loss of fumaryla-
cetoacetate hydrolase (Fah; EC 3.7.1.2) (1, 2). Human Fah
deficiency causes accumulation of toxic phenylalanine/tyrosine
catabolites in tissues of affected patients and secretion into urine
of succinylacetone, a diagnostic compound for the disease result-
ing from spontaneous conversion of fumarylacetoacetate and
maleylacetoacetate (2, 3). Possibly as a result of toxicity caused by
the above phenylalanine/tyrosine catabolites, HT1 patients die
from hepatic failure or primary liver cancer.

Animal models are often used to evaluate therapeutic strate-
gies. However, the complete loss of Fah in mice causes neonatal
lethality (4-7), limiting the usefulness of mice disrupted for the
Fah gene as a model. Moreover, very low levels of Fah are
sufficient to restore a nearly wild-type phenotype in these mutant
mice (6), also limiting the utility of a partial deficiency.

The ascomycete Aspergillus nidulans shows considerable met-
abolic versatility. For example, it grows on phenylalanine or
phenylacetate (PhOAC) as sole carbon sources. Mutational anal-
ysis of PhOAc catabolism (unpublished data) indicates that it
proceeds through two sequential aromatic ring hydroxylations to
yield 2,5-dihydroxyphenylacetate (homogentisate, Fig. 1). Ho-
mogentisate is usually catabolized by cleavage of the aromatic
ring to yield ultimately fumarylacetoacetate, which is split by Fah
into fumarate and acetoacetate. Although phenylalanine catab-
olism has not been investigated in any detail in A. nidulans, in
humans phenylalanine (and tyrosine) are also catabolized
through homogentisate to fumarylacetoacetate (Fig. 1). If the 4.
nidulans pathway were similar, Fah would be required for the
catabolism of both phenylalanine and PhOAc by the fungus (Fig.
1). We report here that this is the case. Characterization of fahA,
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Fic. 1. PhOAc (A. nidulans) and phenylalanine (human and A.
nidulans) pathways. The absence of the indicated enzymes results in
the following human diseases: I, classical phenylketonuria and hyper-
phenylalaninaemias; II, type II tyrosinaemia (Richner-Hanhart syn-
drome); III, type III tyrosinaemia; IV, alkaptonuria; and V, hereditary
tyrosinaemia type I.

the A. nidulans gene encoding Fah, revealed a notable amino acid
sequence conservation between the fungal and human enzymes.*
As in humans, disruption of fahA results in phenylalanine toxicity
and secretion of succinylacetone. These similarities prompted us
to use classical suppressor analysis of the phenylalanine toxicity
phenotype associated with fahA4 disruption to investigate possible
enzyme targets for HT1 therapy. We found that loss of homogen-
tisate dioxygenase prevents phenylalanine toxicity. Loss of this
enzyme in humans causes alkaptonuria (8), a much less severe
disease than HT1.

MATERIALS AND METHODS

Strains and Media. A. nidulans biAl was used as the
wild-type strain and source of RNA. All strains were cultured
on appropriately supplemented minimal medium (9) with
ammonium tartrate as the nitrogen source and carbon sources
added as indicated.

JfahA Disruption. The fahA gene of an A. nidulans biAl
methG1 argB2 strain was disrupted by transformation to
arginine prototrophy by standard procedures (10) with a
genomic EcoRI fragment containing a mutant fah4 gene in
which a 3.2-kb fragment containing the argB* gene had replaced
the sequence between codons 188 and 286 of the fah4 open
reading frame. Several transformants were unable to grow on

Abbreviations: Fah, fumarylacetoacetate hydrolase; HT1, type I he-

reditary tyrosinaemia; PhOAc, phenylacetate. ‘

*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. L41670).
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phenylalanine (or PhOAc) as the sole carbon source. Southern
hybridization experiments with argB- and fahA-specific probes
confirmed that in two selected clones the wild-type fahA* allele
had been replaced by the fahA::argB* fusion.

Subtractive cDNA Hybridization, Library Screening, and
Transcript Analysis. Aspergillus fahA cDNA clones were iso-
lated by differential screening of a phage Agtl0 library con-
structed with mRNA from PhOAc-induced cells. A cDNA
probe corresponding to transcripts induced by PhOAc was
obtained by subtractive cDNA hybridization (“cDNA subtrac-
tion”) essentially as described (11, 12). Briefly, mycelia of the
wild-type strain were grown at 37°C in glucose-minimal me-
dium; 2 hr after glucose was consumed (as determined enzy-
matically with a Boehringer Mannheim kit), 10 mM PhOAc
was added to the culture, which was shaken further for 1 hr.
After this time, mycelia were frozen in liquid nitrogen and used
to prepare poly(A)* RNA, which was reverse-transcribed with
avian myeloblastosis reverse transcriptase (Promega). This
cDNA population was sequentially hybridized with an excess
of poly(A)* RNA from mycelia harvested at the time at which
glucose was exhausted and with an excess of poly(A)* RNA
from noninduced mycelia (i.e., mycelia cultured in a similar
way but omitting induction with PhOAc). Hybrids were re-
moved after each hybridization by chromatography on hy-
droxyapatite at 68°C. The subtracted cDNA probe was used in
library screening. cDNA clones corresponding to PhOAc-
induced transcripts were identified by its hybridization with
this probe (“plus” probe) and lack of hybridization with a
cDNA probe (“minus” probe) corresponding to poly(A)*
RNA from noninduced mycelia. Genomic clones were ob-
tained from a A\EMBLA4 library from the wild-type strain. For
RNA analysis, mycelia grown in minimal medium containing
0.3% glucose for 16 hr at 37°C were transferred to minimal
medium with no carbon source added. After a 1-hr incubation,
the culture was divided equally into 13 parts and different
carbon sources were added as follows: glucose at 1% (wt/vol)
or all aromatic compounds and glutamate at 10 mM or KOAc
at 30 mM. These secondary cultures were incubated for 1 hr
at 37°C. Mycelia were then harvested and used to isolate RNA
(13), which was analyzed by Northern blot hybridization.

Enzyme Assays. Mycelia were grown as for RNA isolation,
transferred to minimal medium containing 10 mM PhOAc,
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and incubated for a further 3 hr. Washed cells were suspended
in 0.1 M potassium phosphate buffer (pH 7) and lysed by
sonication. Cleared lysates (50 uul) were used in enzyme assays,
which were made in the above buffer containing 1 mM
ascorbate, 50 uM FeSOy, and 0.25 mM homogentisate. Ho-
mogentisate dioxygenase activity was determined spectropho-
tometrically after formation of maleylacetoacetate at 330 nm
(14). When this reaction stopped (with >80% of the substrate
converted), 100 uM reduced glutathione was included in the
reaction mixtures to allow conversion of maleylacetoacetate to
fumarylacetoacetate (15). Fah was then assayed by monitoring
the decrease in A33p resulting from fumarylacetoacetate hy-
drolysis to fumarate and acetoacetate (16). Acetoacetate for-
mation was verified enzymatically by using NADH-dependant
3-hydroxybutyrate dehydrogenase (Boehringer Mannheim),
which was assayed by following the decrease in A34 in the
presence of 200 uM NADH (17).

GC/MS and HPLC Analyses of Culture Filtrates. For GC/MS
analysis, mycelia of fahA™* and fahA::argB™ strains were pregrown
as for RNA isolation, transferred to minimal medium containing
25 mM phenylalanine, and incubated for a further 20 hr. Culture
filtrates were acidified and extracted with ether. Extracted com-
pounds were treated with bis(trimethylsilyl)trifluoroacetamide
for 20 min at 80°C in the presence of 4 ug of ethylvanillin as
internal standard. Trimethylsylyl derivatives were analyzed by
GC/MS with a SPB1 column (30 m length, 0.25 mm diameter)
and an ion-trap detector. The temperature was increased from
100°C to 250°C at a rate of 4°C per min.

For HPLC analysis, cells pregrown as above were trans-
ferred to minimal medium containing 10 mM PhOAc or 25
mM phenylalanine and further incubated for 8 hr. Culture
supernatants were clarified through 0.45 puM filters and in-
jected into a Nucleosil 300-5 Cig column (250 X 4 mm) coupled
to a 11 X 4 mm precursor column of this support. An 80:20
(vol/vol) ratio of 50 mM sodium phosphate, pH 6.5/methanol
was used as mobile phase at 0.5 ml per min.

RESULTS

Cloning and Characterization of fahA, the A. nidulans Gene
Encoding Fah. Fungal catabolic pathways are usually under
the control of specific transcriptional activators, ensuring that
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F1G.2. (4) Amino acid sequence of Aspergillus FahA (AF) and similarity to that of its human homologue (HF) (18, 19) is shown. The alignment
was obtained with BESTFIT (Genetics Computer Group package). Asterisks denote identities. Mutational changes, all of which have been reported
in HT1 patients, are indicated below the human sequence as follows: I, Asn-16 — Ile (20); C, Phe-62 — Cys (21); D, Ala-134 — Asp (19); G, Val-166
— Gly (22); #, Glu-357 — stop codon and Glu-364 — stop codon (22); and underlining, deletion of residues 321-354 (22). (B) Transcription of
fahA is induced by PhOAc or phenylalanine. Northern blot analysis shows fahA transcript levels after transfer of mycelia to the indicated carbon
sources. The probe was a 32P-labeled 1.35-kb cDNA containing the complete fahA4 open reading frame. Equal loading in each lane was determined

by hybridization with an actin probe (not shown).



9134 Genetics: Fernandez-Candn and Penalva

expression of structural genes occurs only when an appropriate
inducer is available. Accordingly, we have used a subtractive
c¢DNA hybridization procedure to isolate clones corresponding
to A. nidulans transcripts induced by PhOAc. Sequencing of
several overlapping cDNA clones of a highly represented
transcript revealed an open reading frame putatively encoding
a 431-residue polypeptide. A data-base search detected high
amino acid sequence similarity between the predicted product
and mammalian Fah polypeptides. For example, the derived
amino acid sequence shows 47.1% identity to human Fah (18,
19) (Fig. 2A4), strongly indicating that this open reading frame
encodes its fungal counterpart (see below). Therefore, the
gene was designated fahA. Amino acid identity is particularly
high in certain regions of the protein (Fig. 24) that contain
residues crucial for normal human Fah activity (20-22). The
nucleotide sequence of genomic clones corresponding to this
open reading frame was found to be colinear with that deduced
from cDNA clones, indicating that, in contrast to its human
homologue (19), the fungal gene does not contain introns.

Northern analysis showed that fahA transcript levels are highly
inducible by PhOAc and that transcription is negligible in its
absence (Fig. 2B). Also phenylalanine substantially induced
transcript levels, strongly suggesting that catabolism of both
PhOAc and phenylalanine proceeds, as does mammalian phe-
nylalanine catabolism, through homogentisate and fumarylaceto-
acetate (see Fig. 1) and that the true inducer of fahA transcription
is a catabolite common to the phenylalanine and PhOAc path-
ways. Glutamate and acetate did not increase transcript levels
(Fig. 2B), ruling out induction by a gluconeogenic intermedi-
ate(s). Remarkably, the gene was not fully repressed by glucose.

Disruption of fah4 Results in Secretion of Succinylacetone
and Prevents Growth on Phenylalanine or PhOAc. A disrupted
fahA allele was generated by reverse genetics (Fig. 34). The
disrupted strain (AfahA) grows normally on medium contain-
ing 0.05% lactose (Fig. 3B) or 1% glucose (not shown) but is
unable to grow on medium containing either PhOAc or
phenylalanine as the sole carbon source. No Fah activity was
detected in mycelial extracts from a AfahA strain pregrown in
glucose medium and transferred to medium containing
PhOAc (Fig. 3C). These growth conditions resulted in high
levels of Fah in a fahA* strain. In contrast, homogentisate
dioxygenase activity was induced in the disruptant to (at least)
wild-type levels upon transfer. These results, together with
amino acid sequence data, establish that fah4 encodes A.
nidulans Fah and demonstrate that phenylalanine and PhOAc
catabolism in Aspergillus takes places through Fah-mediated
hydrolysis of fumarylacetoacetate.

HT1 (a deficiency in human Fah) specifically results in
accumulation of succinylacetone (presumably originated spon-
taneously from fumarylacetoacetate) in the urine of affected
patients (2). This compound is absent in urine from healthy
subjects or from patients with diseases of phenylalanine/
tyrosine metabolism other than HT1 (2, 3). GC/MS analysis of
filtrates of cultures transferred to broth containing phenylal-
anine showed that the fahA disruption resulted in secretion of
several phenylalanine metabolites that were absent from the
fahA™ filtrate (Fig. 4), including three peaks whose elution
times and mass spectra were identical to those of authentic
succinylacetone (Fig. 4 Lower Right). These peaks probably
represent steric isomers of the succinylacetone derivative (2).
This provides further evidence that the disrupted gene encodes
A. nidulans Fah and illustrates the remarkable similarity of the
consequences of equivalent genetic blocks in human and
fungal phenylalanine catabolism.

fahA Disruption Results in Phenylalanine (and PhOAc)
Toxicity. We noted the complete absence of growth of AfahA
in minimal medium containing phenylalanine (or PhOAc)
(Fig. 3B). This is in contrast to the residual growth of A.
nidulans in the absence of a carbon source, indicating that,
analogous to the situation in humans, the absence of Fah leads

Proc. Natl. Acad. Sci. USA 92 (1995)

A ORF
EcoRl Bg/T  Xbal EcoRI
1 1

| s

¥ 1
EcoRIT >< (Bg/T) Xbal >< EcoRl1
L J L 4

Lactose

Lactose + Phe

C 0;5 II 25 pmol/min-mg
fahA* HOMOGENTISATE
fahA..argB* DIOXYGENASE
fahA* | FUMARYLACETOACETATE
fahA..arg8+ HYDROLASE
| 2 3 nmol/min-mg
T T y !
fahA?* ] 3-HYDROXYBUTYRATE
fahA::argB* DEHYDROGENASE

FiG. 3. Disruption of the Aspergillus fahA gene and suppressor
mutations. (4) A linear fragment containing a disrupted copy of the
fahA gene (fahA::argB*) was used to replace the endogenous fahA™*
allele. Two disruptant clones were selected and shown to have
identical phenotypes. (B) Growth phenotypes of the disrupted strain
and of a derivative carrying a suppressor mutation. Conidiospores of
the fahA* (B Upper), fahA::argB* (B Lower Left) and fahA::argB*
suAfah (=hmgA~, vide infra) (B Lower Right) strains were inoculated
on minimal medium plates with the indicated carbon sources
(lactose at 0.05%, phenylalanine at 25 mM, or PhOAc at 10 mM).
Plates were photographed after a 3-day incubation at 37°C. (C)
Homogentisate dioxygenase and Fah assays in extracts from fah4+*
and fahA::argB™ strains. Acetoacetate formation was verified enzy-
matically.
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FiG. 4. Detection of succinylacetone in culture filtrates of the fahA::argB™* strain. Ether-extractable compounds in culture supernatants of
fahA::argB* (Lower) and wild-type (Upper) strains were analyzed (as trimethylsilyl derivatives) by GC-MS. (Right) Expanded regions of the
chromatograms. Detector response is plotted vs. retention times. The three peaks corresponding to succinylacetone (indicated with V), detected
only in the culture filtrate of the disrupted strain, were identified by their retention times and mass spectra, which were indistinguishable of those
of authentic succinylacetone (3). Only the mass spectrum of the major peak is shown in Bottom Right Inset. All other identified peaks were assigned
to a compound by computer comparison of their mass spectra with those in the NBS library and are denoted by roman numbers as follows: II,
PhOACG; III, ethylvanillin (internal standard); IV, phenyllactate; VI, 4-OH-PhOAc; VII, phenylpyruvate; VIII, 2-OH-PhOAc; IX, an unidentified

metabolite of PhOAc; and I, three unidentified peaks present in all chromatograms.

to accumulation of toxic metabolites (perhaps succinylac-
etone, see above). Plate assays (Fig. 3B) in the presence of a
derepressing concentration of lactose and phenylalanine (or
PhOAC; not shown) confirmed the toxicity: the wild-type strain
grows and conidiates well in the presence of this combination
of carbon sources, but growth of the disruptant is severely
impaired (Fig. 3B).

Suppressor Mutations Preventing Phenylalanine Toxicity
Associated with fahA4 Disruption Result in Loss of Homogen-
tisate Dioxygenase. Vigorously growing sectors appeared fre-
quently from AfahA colonies on minimal medium containing
lactose and phenylalanine or PhOAc after long incubation
times. These sectors result from a second, spontaneous mu-
tation suppressing phenylalanine or PhOAc toxicity or both.
Since inhibitors of 4-hydroxylphenylpyruvate dioxygenase can
alleviate the effects of human Fah deficiency (23), we reasoned
that earlier blocks in the pathway might prevent phenylalanine
and PhOACc toxicity in a AfahA background. Therefore, we
isolated a number of these suppressors and found two classes
of mutations. One class prevents toxicity only on the selection
medium (i.e., on medium with lactose and phenylalanine or
lactose and PhOAc) and presumably identifies genes involved
in degradation of the corresponding aromatic compound to
homogentisate. Mutations in the second class are phenotypi-
cally homogeneous. These mutations, designated suAdfah, pre-
vent the effects of Fah deficiency on both lactose/
phenylalanine- and lactose/PhOAc-containing media, indicat-
ing that they are defective in one of the two common steps of
the pathway before Fah (Fig. 1). Because defects in maleyla-
cetoacetate isomerase would cause similar effects to those in
Fah (2), this second class is likely to result in loss of homogen-
tisate dioxygenase. Notably, sudfah mutations result in secre-
tion of a red pigment (Fig. 3B), which is turned dark-brown
after long incubation times (not shown). Alkaptonuria (a
deficiency of human homogentisate dioxygenase) results in

secretion into the urine of homogentisate (which is converted
to a dark brown pigment upon oxidation by air) and ochronosis
(i.e., pigmentation by polymers of homogentisate) of connec-
tive tissues. Therefore, these data strongly suggested that these
suAfah mutations represented the loss-of-function class in the
homogentisate dioxygenase gene. This gene, designated hmgA,
has also been cloned by the subtractive cDNA hybridization
procedure. Its identification has been established by targeted
disruption and by expression in Escherichia coli of this protein
product, which shows homogentisate dioxygenase activity (26).

Self-induced correction of HT1 deficiency by reversion of
Fah point mutations has been described (24). Our sudfah
suppressor mutations do not result from reversion. First, our
suppressed fahA mutation is a gene disruption—deletion (Fig.
3A4). Second, genetic analysis (see below) showed that sudfah
mutations are hmgA alleles (not fahA alleles). In contrast, the
following arguments strongly indicate that sudfah mutations
represent the loss-of-function class in hmgA: (i) while the
AfahA strain shows wild-type levels of homogentisate dioxy-
genase, a AfahA suAfah double mutant strain completely lacks
this activity (Fig. 54) but not maleylacetoacetate isomerase
(data not shown); (if) HPLC analyses of culture filtrates (Fig.
5B) demonstrated that this double mutant strain secretes
homogentisate into the medium, as would be expected from
loss of homogentisate dioxygenase; (iii) targeted disruption of
hmgA results in a phenotype indistinguishable from that of
suAfah mutations; (iv) sudfah mutations and a hmgA::argB*
gene disruption are recessive in diploids; and (v) nine inde-
pendent suAfah mutations having an identical phenotype do
not complement in diploids with hmgA::argB* and are there-
fore allelic to this disruption.

DISCUSSION

The A. nidulans phenylalanine pathway is notably similar to its
mammalian counterpart. This similarity is reflected at the protein
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Fic. 5. (A) Homogentisate dioxygenase assays in extracts of a
wild-type strain, of a fahA::argB* strain, and of a double mutant strain,
suAfah fahA:argB*. (B) HPLC analysis of culture filtrates of the
wild-type (B Upper) and a suAfah fahA:argB* strain (B Lower). (B
Left) Cultures transferred to PhOAc-containing minimal medium. (B
Right) Cultures transferred to phenylalanine-containing minimal me-
dium. Absorbance was monitored at 220 nm (continuous line) or 290
nm (discontinuous line), a wavelength at which homogentisate pre-
sents a characteristic absorbance maximum. Retention times of stan-
dards are indicated by arrows as follows: I, homogentisate; II, 2-OH-
PhOAC; III, PhOAc; 1V, phenylalanine; and V, phenylpyruvate.

sequence level. For example, the amino acid sequence of A.
nidulans Fah is 47% identical to its human homologue, possibly
reflecting toxicity caused by loss of this activity. Sequence com-
parison between the mammalian and fungal enzymes will be
helpful in establishing structire—function relationships.

Deficiency of human Fah causes HT1, a severe metabolic
disease (1, 2). Affected children frequently die within a year
after birth (1). The only alternative to liver transplantation is
the administration of a herbicide compound that inhibits the
upstream enzyme 4-hydroxyphenylpyruvate dioxygenase (23).
The above similarity prompted us to investigate the conse-
quences of equivalent genetic blocks in fungal and human
phenylalanine catabolism. Disruption of fahA results in phe-
nylalanine toxicity (a conditional phenotype, as the disruptant
strain grows normally in the absence of phenylalanine) and
secretion of succinylacetone (as shown by GC/MS analysis of
culture filtrates). The presence of succinylacetone in human
urine is diagnostic for the disease.

The mouse gene encoding Fah has been characterized (4).
Homozygous disruption or deletion of the gene causes neonatal
lethality (4-7). This is a serious limitation for mice as an animal
model for HT1. In the light of the above similarities, we reasoned
that the A. nidulans strain disrupted for fahA could be helpful as
amodel of at least some aspects of the disease, such as the toxicity
caused by certain phenylalanine catabolites. Therefore, we used
classical suppressor analysis of phenylalanine toxicity and estab-
lished that loss of homogentisate dioxygenase prevents the effects
of Fah deficiency in Aspergillus. Mammalian homogentisate di-
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oxygenase genes are as yet uncharacterized (25). The absence of
this enzyme in humans causes alkaptonuria (8), a much less severe
defect than HT1. Therefore, we predict that homozygous disrup-
tion of the mouse homogentisate dioxygenase gene will prevent
neonatal lethality associated with homozygous deletions of the
mouse Fah gene (4-7) and propose that in humans alkaptonuria
would prevent the severe effects of HT'1. Availability of the fungal
hmgA gene combined with the remarkable similarity between the
fungal and mammalian genes reported here for at least one
enzyme of phenylalanine catabolism will help to identify their
mammalian homologues. Finally, enzyme assays or growth tests
with the A. nidulans AfahA strain could be used to screen for
inhibitors of homogentisate dioxygenase to be used in therapy.
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